Dengue virus (DENV) is a mosquito-borne virus that causes dramatic public health issues in more than 100 countries, particularly in Asia and Latin America. It is estimated that more than 50 million people are infected by DENV annually[@b1]. The geographic expansion of the vector, the *Aedes aegypti* mosquito, contributes to a continuous increase in the incidence and severity of the disease[@b2].

There are four serotypes of DENV (DEVN 1--4), and each of them could cause a spectrum of outcomes from subclinical to death[@b3]. Moreover, secondary heterotypic infection or waning immunity of infants born to mothers infected by DENV has been observed to significantly increase the likelihood of acquiring severe disease[@b4]. Moreover, antibody (Ab)-dependent enhancement (ADE) has been thought to be involved in the immunopathogenesis of severe dengue forms, including dengue haemorrhagic fever (DHF) and dengue shock syndrome (DSS). It has been hypothesized that the preexisting heterotypic antibodies form a complex with the virus, via Fc receptors in the target cells, to facilitate the infection of target cells, including monocytes, macrophages and mature DCs[@b5][@b6]. Many earlier *in vitro* studies have reproduced an enhanced infection of Fc-receptor bearing cells resembling that of DHF/DSS patients[@b7][@b8]. In addition, passively transferring DENV-specific monoclonal antibodies into an animal model resulted in a notable clinical manifestation and viraemia[@b9][@b10]. These findings suggest that subneutralizing antibodies are sufficient to induce DHF/DSS in spite of aberrant cellular immunity, which allows exploration of the pathogenesis of severe dengue disease in a culture system.

Given that elevated viraemia is normally accompanied by a high concentration of proinflammatory and immunomodulatory cytokines[@b11], it is therefore necessary to understand the connections between the DENV-Ab complex and those cytokines. A previous study using the THP-1 cell line found that DENV-ADE infection could suppress the expression of IL-12, IFN-γ and TNF-α, while stimulating the expression of the anti-inflammatory cytokines IL-6 and IL-10[@b12]. It was then proposed that DENV-ADE specifically modulated IL-10 production to suppress type I IFN signalling, as well as upregulating dihydroxyacetone kinase (DAK) and autophagy-related 5 (ATG5) to restrain IFN-α/β production[@b13]. Another study using human macrophages also revealed a similar function of IL-6, but not IL-10, that was regulated by ADE[@b14]. All these results suggest the importance of anti-inflammatory cytokines in the IFN antiviral pathway, especially IL-10[@b15]. However, it is so far unclear whether the induction of IL-10 or IL-6 could directly increase cellular viral replication or whether they are only the byproducts of DENV-ADE infection. In addition, the phenomenon that DENV-ADE infection suppresses the secretion of type I IFN was not found in any other *in vitro* studies using human primary monocytes[@b7][@b16]. Therefore, it is reasonable to postulate a more pervasive mechanism in DENV-ADE infection, which does not rely on the suppression of IFNα/β or increased IL-10/IL-6.

In this study, we used the IFN-deficient monocytic cell line K562 to show that ADE effects are independent of the suppression of type I IFN. Meanwhile, both DENV and DENV-ADE infection induced direct expression of NOS2 through activation of the RIG-I/MDA-5-MAVS signalling axis. We further report that DENV-ADE induced higher expression of autophagy-related proteins (ATG5-ATG12) and elevated autophagosome formation to facilitate viral replication. This supplies a new strategy for DENV-ADE to contend with innate cell immunity in the context of extensive IFN antagonism.

Results
=======

The enhancement activity of DENV-ADE infection is dependent on the final concentration of anti-PrM antibody
-----------------------------------------------------------------------------------------------------------

Distinct types of monocytes such as THP-1, U937 and K562 have been extensively used to explore the mechanisms of dengue virus ADE infection using prototype dengue viral strains[@b17]. For simulation of a natural infection, we chose low-passage DENV3 isolates and the anti-DENV2 PrM antibody to establish an *in vitro* model of DENV-ADE infection in K562 cells. ELISA and neutralization assays indicated that the anti-PrM antibody is capable of binding to the DENV3 isolate but exhibits no neutralization activity ([Fig. S1](#S1){ref-type="supplementary-material"}). As shown in [Fig. 1a--f](#f1){ref-type="fig"}, serial dilutions of PrM antibodies promoted the synthesis of the intracellular DENV genome and increased the total genome-containing particles (GCP) in supernatants corresponding to different MOG (multiplicity of genome containing particles) sets (MOG = 2000, 1000, and 500). These results indicate that the increased DENV GCP in ADE infection may result from elevated intracellular virus RNA accumulation or synthesis. Interestingly, the enhancement activity of DENV-ADE infection is dependent on the final antibody concentration rather than the DENV/antibody ratio in all three MOG sets, as they all exhibited the same peak enhancement at an antibody dilution of 1/64. This phenomenon was concordant with the results found in FcγR-expressing BHK cells[@b18].

Increased virus uptake insufficiently accounted for the elevated virus production in ADE infection
--------------------------------------------------------------------------------------------------

Although increased viral uptake was suggested to be the major component of ADE infection, i.e., the extrinsic ADE, the binding and absorption mechanism during ADE infection has not been fully examined. To determine whether the enhanced viral production results from increased viral uptake, we first examined the intracellular viral RNA accumulation in DENV/DENV-ADE infected K562 cells at distinct time points post-inoculation by relative quantification. As shown in [Fig. 1g](#f1){ref-type="fig"}, a significant difference in the viral RNA levels between ADE and direct infection was observed from 36 h post infection. Inconsistent with the previous studies, the ADE infection does not facilitate viral uptake during infection, owing to the similar cellular viral RNA levels at first 24 h post-infection. To further address this issue, we used a more precise assay to evaluate the viral binding and absorption as described in a previous study[@b19]. We found that either ADE infection or direct infection exhibited similar levels of virus binding and absorption at all 3 sets of MOG ([Fig. 1h](#f1){ref-type="fig"}). Collectively, our results suggested an intrinsic pathway for enhancement of DENV infection mediated by antibodies.

DENV-ADE infection suppresses NOS2 expression and activity to facilitate viral RNA synthesis
--------------------------------------------------------------------------------------------

As an effector of the innate immune system, inducible nitric oxide synthase (NOS2)-derived nitric oxide (NO) can evoke a set of rapid host responses to pathogens. The lower concentration of serum NO was shown to correlate with severe dengue symptoms[@b20]. Moreover, *in-vitro* studies reported that NO inhibited DENV RNA synthesis through attenuation of the RNA-dependent RNA polymerase (RdRp) activity of DENV-NS5[@b21]. Due to the deficiency of type-I IFN genes in K562 cells[@b22] (determined by IFNα/β dot-blot assay, as shown in [Fig. S2](#S1){ref-type="supplementary-material"}), it is interesting to determine whether the intrinsic DENV-ADE pathway decreases NO generation for virus replication. Thus, we first evaluated the NO concentration in DENV/DENV-ADE infected cells at different time points. The NO level first exhibited a dramatic increase during the early infection, and direct DENV infection induced a significantly higher level of NO than DENV-ADE infection within 4--8 h post-inoculation ([Fig. 2a](#f2){ref-type="fig"}). Subsequent detection of NOS2 expression changes revealed that DENV-ADE infection suppress NOS2 transcription with during the whole process of infection but suppress protein level only at very early time points (4--8 hpi), shown in [Fig. 2b,d](#f2){ref-type="fig"}. The above results suggested that DENV-ADE infection could induced an early suppression of NOS2 translation, which may help virus avoid early detection by cell innate immune system. To investigate whether the enhanced viral production in DENV-ADE infected cells is the result of NOS2 functional suppression, we used cells pre-treated with the NOS2 specific inhibitor SMT at the concentrations of 0.1, 0.3, 0.5, and 1.0 μM before infection with DENV or the DENV-Ab complex. Cell viability was not significantly affected by the SMT treatment ([Fig. S3](#S1){ref-type="supplementary-material"}). As shown in [Fig. 2c](#f2){ref-type="fig"}, the relative quantitation of the cellular viral RNA level suggested that SMT could promote the accumulation of cellular viral RNA in a dose-dependent manner, as well as decreased fold enhancement of DENV-ADE infection. Altogether, these results indicated that in the absence of type I IFN, DENV-ADE infection could impair the innate immune response through diminished NOS2 function.

Suppression of RIG-I and MDA-5 signalling in DENV-ADE-infected K562 cells
-------------------------------------------------------------------------

RIG-I (retinoic acid-inducible gene-I)-like receptors (RLRs), including RIG-I and MDA-5 (melanoma differentiation-associated gene 5), can recognize viral RNA and transmit an antiviral signal from the mitochondria antiviral protein (MAVS) thus inducing type I IFN signalling[@b23]. In addition, DENV-ADE infection was shown to decrease IFN-β secretion by suppression of MAVS-mediated signalling[@b24]. We thus asked whether DENV-ADE infection suppresses RIG-I and MDA-5 mediated antiviral signalling in the absence of type I IFN. Therefore, the expression levels of RIG-I and MDA-5, and their downstream signalling proteins (NF-κB, iκB, and IRF-1) extracted from DENV or DENV-ADE infected K562 cells were compared by Western blotting. As shown in [Fig. 3](#f3){ref-type="fig"}, both DENV and DENV-ADE infection could induce activation of RIG-I and MDA-5 signalling. In contrast to DENV infection, DENV-ADE infection induced a lower expression level of RIG-I and MDA-5 and decreased NF-κB activation, which manifested as a degradation of iκ-B and increased expression of NF-κB (subunit p65) ([Fig. 3d](#f3){ref-type="fig"}). The quantification results for mRNA expression also revealed a decline in RIG-I, MDA-5 and IRF-1 transcription in DENV-ADE-infected K562 cells ([Fig. 3a--c](#f3){ref-type="fig"}). Remarkably, in our research, RIG-I and MDA5 signalling was triggered as early as 2 h post-infection, while others reported that IFNs (including IFN α/β/γ) could not be activated even at 6 hours post-infection in the DENV infected THP-1 cells[@b25]. This implied that MAVS mediated antiviral signalling may be different across different time scales. The early activation of MAVS may participate in innate immunity independent of IFN signalling.

RLRs signalling suppresses intracellular DENV RNA synthesis through direct induction of NOS2
--------------------------------------------------------------------------------------------

As an important ISG (interferon-stimulated gene), NOS2 can be activated following stimulation of type I IFNs and IFNγ[@b26]. Moreover, there are other innate immune pathways including the mitogen-activated protein kinase (MAPK) or NF-κB pathway which are able to activate the transcription of NOS2[@b27]. Then, we reasoned that the decreased NOS2 expression in DENV-ADE infected K562 cells was due to suppression of RIG-I/MDA-5 signalling. First, overexpression of RIG-I with or without MDA-5 can facilitate the activation of NF-κB complex manifested as a degradation of iκ-B and increased expression of NF-κB (subunit p65) and leading to increased expression of NOS2 ([Fig. 4a](#f4){ref-type="fig"}). Such induction of NOS2 consequently suppresses virus replication both in DENV/DENV-ADE infected cells, as well as by enhancing the ability of DENV-ADE ([Fig. 4b](#f4){ref-type="fig"}). In contrast, knockdown of MAVS downstream of RIG-I/MDA-5 signalling dramatically abolished NOS2 induction both in DENV/DENV-ADE infected cells and the enhanced ability of DENV-ADE ([Fig. 4c,d](#f4){ref-type="fig"}). Nevertheless, it is possible that the NOS2 production is activated by IFN-associated signalling pathways. To test this, we used a dual-luciferase reporter assay to determine the activity of the IFN-β and ISRE reporter in DENV or DENV-ADE infected K562 cells. As shown in [Fig. 4e](#f4){ref-type="fig"}, no activation of IFN-β and ISRE reporters was found in DENV or DENV-ADE infected K562 cells. In addition, DENV or DENV-ADE infection did not induce an increased transcription of IFN-γ and IFN-λ2 ([Fig. 4f](#f4){ref-type="fig"}). Overall, these results suggested that RIG-I/MDA-5 mediated type I IFN-independent pathway activation in DENV/DENV-ADE infection, and DENV-ADE infection depressed such signalling for elevated viral replication.

Redundant function of IL-10 in DENV-ADE infection of K562
---------------------------------------------------------

The elevation of IL-10 is implicated in the pathogenesis of severe dengue diseases based on the clinical observations[@b11][@b28]. IL-10 has multiple cellular functions, including immunosuppressive effect exerted through the SOCS system and JAK-STAT pathway. However, the precise role of IL-10 in DENV-ADE infection, especially in a single cell culture system, remains unknown. In this study, we detected the IL-10 expression in DENV or DENV-ADE infected K562 cells at both the transcriptional and protein levels. As shown in [Fig. 5a](#f5){ref-type="fig"}, no significant increase in IL-10 or IL-6 expression was found in the DENV-ADE infected K562 cells, as well as for SOCS3. To further confirm the role of IL-10 in DENV-ADE infection, we generated four mutant K562 strains carrying homozygous deletions of IL-10 using the CRISPR-Cas9 approach ([Fig. 5b,c](#f5){ref-type="fig"}). All four strains expressed no reduction in the fold enhancement of DENV-ADE compared with the wild-type K562 cell line, as shown in [Fig. 5d,e](#f5){ref-type="fig"}. These data indicated that the marked increase of viral production in DENV-ADE infected K562 was independent of IL-10.

Increased Autophagy in DENV-ADE-infected K562 cells promotes viral RNA replication
----------------------------------------------------------------------------------

It was shown that most positive-strand RNA viruses utilize the maturation of autophagosomes into acidic and ultimately degradative compartments to promote their replication[@b29]. Moreover, the autophagy related proteins ATG5 and ATG12 were implicated in RLR signalling through interaction with MAVS[@b30][@b31]. Therefore, it is important to determine whether the elevated viral production in DENV-ADE infected K562 is attributed to an increased cellular autophagy process. First, we pretreated K562 cells with either an accelerator (rapamycin) or an inhibitor (3-MA) of autophagy before infecting them with DENV or DENV-antibody complex. As shown in [Fig. 6a](#f6){ref-type="fig"}, intracellular viral RNA synthesis was increased by rapamycin in a dose dependent manner. Meanwhile, the decreased DENV viral RNA synthesis was 3-MA dosage dependent ([Fig. 6b](#f6){ref-type="fig"}). Moreover, DENV-ADE infection induced higher ATG5 and ATG12 transcription at very early stage (0.5 and 1 hours post-infection) compared to the DENV direct infection ([Fig. 6c](#f6){ref-type="fig"}). When we examined the phenomenon at the protein level, an early increased ATG5 expression and LC3II formation was observed in DENV-ADE infected cells compared to DENV infected cells ([Fig. 6d](#f6){ref-type="fig"}). To further confirm the role of the autophagy process in DENV infection, ATG5 knockout K562 cells were generated using the CRISPR-Cas9 method as described earlier ([Fig. 6e](#f6){ref-type="fig"}). As shown in [Fig. 6f](#f6){ref-type="fig"}, a significant decrease in intracellular viral RNA synthesis was detected in two mutant strains of K562 carrying homozygous deletions of ATG5 after DENV and DENV-ADE infection. Remarkably, the enhanced activity was abrogated following ATG5 complete knockout. Overexpression of ATG5 impaired NF-κB activation following NOS2 expression and eventually led to increased intracellular viral RNA replication in both DENV and DENV-ADE infected cells ([Fig. 6g,h](#f6){ref-type="fig"}). Our results implied that DENV-ADE infection in K562 utilized the elevation of autophagy for maximum viral production. There is also a possibility that DENV-ADE infection could utilize the elevated ATG5 and ATG12 to antagonize the RLRs signalling pathway.

Discussion
==========

K562 is a widely used cell line to test the ADE activity of DENV antibodies. However, it is not clear whether the enhanced cellular viral production is attributed to extrinsic ADE rather than alterations in the antiviral signalling pathways. When the comparison of progeny virions per cell was applied to yield a similar percentage of infected cells, there was no significant increase in viral output between normal infection and ADE infection in K562 cells[@b8]. Nevertheless, it may be inadequate to draw the conclusion that K562 cells could only express extrinsic ADE infection, especially when the cell infection rate was measured by immunostaining techniques in which unstained cells may also carry the viral RNA[@b32]. In this study, we chose a more sensitive method. qPCR was used to detect viral RNA synthesis post-inoculation. As shown in [Fig. 1](#f1){ref-type="fig"}, similar viral RNA levels were found in both DENV infected and DENV-ADE infected cell in the first few hours post infection, while they started to behave differently in terms of viral RNA levels 36 h post infection. The phenomenon exhibited a representative DENV intrinsic ADE infection. Moreover, we observed that the antibody enhancement did not significantly promote virion internalization, which also implied an intrinsic ADE pathway.

Upon DENV infection, cellular RLRs are activated to elicit anti-viral responses depending on the induction of type I IFN and proinflammatory cytokines. The binding of type I IFN with its receptor then activates multi-subsets of ISGs through JAK-STAT signalling which amplifies and sustains the initial antiviral responses[@b33]. ISGs can also be activated in IFN independent pathways[@b34]. In this study, we provide evidence that DENV/DENV-ADE infection of monocytes induces early production of ISG (NOS2) through the RIG-I/MDA-5-MAVS-NF-κB/IRF-1 signalling axis independent of the IFN pathway. This is consistent with the recent finding that 5′-triphosphorrylated RNA (5′pppRNA) restricts DENV infection by a RIG-I mediated type I IFN-independent pathway[@b35]. However, more than one mechanism of RLR-induced ISG expression may operate in virus-infected cells based on the MAVS localization. Peroxisome-localized MAVS are activated early during the induction of ISGs whereas mitochondrial MAVS promote IFN secretion and ISG expression with delayed kinetics, at least in fibroblasts[@b36]. However, whether the early induction of NOS2 through RLR in this study comes from peroxisomal MAVS remains to be confirmed. After all, the early induction of ISGs may be due to virus entry such as WNV in a IFN-, TLR-, and RIG-I independent manner[@b37]. Nevertheless, alternative ISGs induction would enable cells to control pathogens that disrupt the expression of IFNs or antagonize IFN signalling, which include DENV, WNV, and VSV. In addition, the rapid induction of ISGs before IFN transcription would help to orchestrate a robust innate cell immunity that cooperates with delayed IFN signalling. Meanwhile, this also suggests the importance of suppressing early ISG activation in a successful DENV-ADE infection. It was well reviewed that the antiviral response was triggered during the early stage (binding, entry) of the viral life cycle. Investigation of the difference in gene expression pattern within first hours post-infection would help to understand the phenomenon of intrinsic ADE[@b38].

In DENV infection with enhancing antibodies, ligation of FcγRs was shown to induce ISGs through the ITAM-Syk-STAT1 signalling axis independent of autocrine or paracrine IFN activity[@b25][@b39]. This means that the antibody-mediated viral entry would have no benefit for virus production. Previous study suggested that inhibition of the innate immunity with coligation of LILRB1 would ensure a successful ADE infection[@b25]. However, the LILRB1 polymorphisms were not correlated with dengue shock syndrome in genome-wide association analysis[@b40]. In addition, recent studies demonstrated that ADE infection induced inflammatory cytokine expression through the Syk-ERK signalling axis[@b41]. Remarkably, inhibition of Syk activation reduced ADE-induced inflammatory cytokine expression while barely impairing virus production[@b41]. Therefore, it is reasonable to think that enhancing antibodies contribute to deadly pathology either through Syk-induced massive and aberrant production of cytokines or through other ways to induce elevated virus production.

There is another cytokine known as IL-10 that is implicated in the pathogenesis of severe dengue diseases. The elevation of serum IL-10 is positively correlated with the development of viraemia and clinical manifestations in many observations[@b11][@b42]. There is a hypothetical intrinsic pathway that was proposed for either IL-10 or IL-6 in DENV-ADE infection of monocytes and macrophages[@b17][@b18]. Based on this hypothesis, antibody-mediated increases in the production of IL-10 and downstream SOCS3 were considered to be the origin of elevated viral products[@b13]. However, the total production of IL-10 was attributed to single nucleotide polymorphisms in its promoter region[@b7]. Monocytes isolated from homozygous GCC, ACC, and ATA donors exhibit a remarkable difference in IL-10 production but a similar pattern in DENV-ADE infection[@b7]. Moreover, a late peak of IL-10 production after viraemia at defervesce did not support a strong role for IL-10 in DENV-ADE infection[@b43]. Therefore, the function of IL-10 in the pathogenesis of DHF/DSS appears to be more obscure. To determine the role of IL-10 in DENV-ADE infection, 4 distinct strains of IL-10^−/−^ knockout K562 cell lines were constructed based on the CRISPR-Cas9n double nicking approach. Unexpectedly, all 4 IL-10^−/−^ knockout K562 strains sustained DENV-ADE infection without decreased enhancing activity compared with that found in wild type K562. Our results indicate that IL-10 production has little effect on DENV-ADE infection of K562 cells. In addition, the well-described immunosuppressive function of IL-10 may be mediated through bystander effects, which means the IL-10 inhibits the DENV-specific T cell response to contribute to the pathogenesis of acute dengue infections[@b44]. Furthermore, a recent study proved that DENV infection or attachment could increase the expression of IL-10 in THP-1 cells, and modulate the influence of IL-10 expression on viral production[@b45]. This is not surprising, because the function of IL-10 may be mediated through the suppression of latter activated IFN signalling, which consequently explains why IL-10 appears redundant in the DENV infected K562 cells or peripheral blood mononuclear cells which have a lower IFNα/β expression level[@b7][@b17][@b46]. Combined with our data, it is reasonable to postulate that the DENV-ADE infection may suppress the cellular antiviral response by suppressing not only early induction of ISGs but also the later IFN signalling with IL-10 or IL-6. Furthermore, considering the function of DENV in IFN antagonism[@b47][@b48][@b49][@b50], the early suppression of ISG induction could be more important for a successful ADE infection.

Autophagy is a fundamental cellular homeostatic process that digests interior portions of the cell to recycle nutrients or remove unwanted cytoplasmic components. The direct protection against intracellular pathogens by autophagy is dependent on a lysosomal degradation pathway. However, some pathogens including DENV were able to subvert autophagy for their benefit[@b51]. Previous studies suggested that the DENV virus utilized autophagic machinery for viral replication in liver cell lines[@b52] and AG129 mice[@b53] but not in the monocytic cell line U937[@b54]. Based on these studies, it was hypothesized that the double-membrane autophagosome could be a scaffold for viral RNA replication[@b55][@b56]. In addition, autophagy-induced anti-apoptotic activity could prevent cell death before viral assembly[@b57]. However, autophagy can engage in the regulation of anti-viral signalling with autophagy initiator proteins, because the deletion of ATG5 or ATG12 could induce the amplification of MAVS mediated signalling[@b58]. Moreover, ATG5-ATG12 conjugation is able to block the type-I IFN pathway by association with RIG-I and MAVS[@b30]. In this study, we demonstrated that the wild-type DENV3 required autophagosome formation for maximum virus replication, and DENV-ADE specifically upregulated autophagosome formation and ATG5 expression at very early stage which suppresses MAVS mediated Type I IFN-independent immunity. This is a new strategy for DENV-ADE to contend with innate cell immunity in the context of extensive IFN antagonism. However, it was still unknown that why ADE could induce more autophagy formation. In DENV-ADE infection, FcγR-mediated phagocytosis was proposed as an important entry mechanism based on research of another closely related virus WNV[@b38]. It has been demonstrated that components of autophagy, like LC3, can also participate in the FcγR mediated phagocytosis, a process termed as LAP (LC3 associated phagocytosis)[@b59]. However, a recent study reported that phagocytosis also activated the autophagy pathway, which not merely employed certain autophagy proteins[@b60]. The elevated autophagy process during phagocytosis may participate in lysosomal degradation of the non-self material and cellular immunoregulation. Therefore, it may be assumed that ADE infection induced phagocytosis of virus-antibodies complex also activated autophagy process simultaneously. Nevertheless, further identification of the entry process in ADE will help to explained the link between ADE and autophagy.

In conclusion, we demonstrated an additional mechanism involved in DENV-ADE infection, in which cross-reactive antibodies mediated infection by inducing autophagy related proteins to suppress the innate immunity mediated by MAVS directed ISGs activation. Our findings highlight autophagy inhibitors as superior candidate targets compared to conventional antiviral stimuli with IFNs. Because dengue ADE is broadly relevant to the pathogenesis of viral infection and has hindered dengue vaccine development, our study will help to understand how dengue ADE mediates viral infection, increase our knowledge about the complexity of the host innate response to viral infection and help with vaccine and novel therapy development.

Materials and Methods
=====================

Cell lines and virus
--------------------

Human myelogenous leukaemia K562 cells and *Aedes albopictus* mosquito (C6/36) cells were maintained in RPMI-1640 medium (1640, GIBCO) supplemented with 10% foetal bovine serum (FBS), 100U/ml penicillin and 100 μg/ml streptomycin.

The wild type dengue virus strains (DENV3) used in this study were isolated from the blood sample of severe dengue patients at Xishuangbanna Dai Autonomous Prefecture People's Hospital in 2013, and propagated in C6/36 cells. Written consent was obtained from each participant dengue patients. The study protocol was approved by the institutional ethics committee (Institute of Medical Biology, Chinese Academy of Medical Sciences, and Peking Union Medical College) and was in accordance with the Declaration of Helsinki for Human Research of 1974 (last modified in 2000). These DENV3 isolates were confirmed by genome sequencing (gb: KR296743). Briefly, a monolayer of C6/36 cells was infected at 1 multiplicity of infection (MOI 1) at 28 °C. Five days after infection, the medium containing virus particles were harvested, cleared from cell debris by centrifugation at a speed of 4000 rpm for 10 min, aliquoted and stored at −80 °C. DENV3 was used after three passages in C6/36 cells.

Viral RNA copy number titration by quantitative PCR analysis
------------------------------------------------------------

The DENV3 viral RNA standard was prepared by amplifying a 464-bp fragment of DENV3 strain (GI:163644368) with primers 5′-ACAGTTTCGACTCGG-3′ (corresponding to genome position 29 to 43) and 5′-CTTTCATTCTTCCCC-3′ (corresponding to genome position 492 to 478). The resulting product was ligated into pGEM-T Easy vector (Promega) and transformed in DH5a competent cells (Invitrogen). Minipreps of isolated plasmid DNA were then prepared (Promega). RNA transcripts were generated using the Megascript kit according to the manufacturer's specifications, and the RNA concentration was determined by UV spectrophotometry. Primers (DV3-qF 5′-AACCGTGTGTCAACTGGATCA-3′ and DV3-qR 5′-TTAATGGCCCCCGACTTCTT-3′) were designed to target the DENV pre-membrane region (prM) within the viral RNA standard that was previously designed. Real-time PCR was conducted using SYBRGreen I Mastermix (Applied Biosystems) on a Bio-Rad CFX96 detection instrument. Amplification conditions were 95 °C for 30 s, and 40 cycles of 95 °C for 5 s, 55 °C for 20 s, and 72 °C for 30 s. Viral genome copy numbers were calculated from a standard curve generated by an *in vitro* transcribed RNA standard.

Virus infection and ADE model *in vitro*
----------------------------------------

For the direct infection, K562 cells were incubated with DENV3 at a multiplicity of 500, 1000 or 2000 genome-containing particles per cell (MOG). The number of genome-containing particles (GCP) was measured by quantitative PCR analysis of viral genome RNA.

The ADE assays were performed as described by others, using Anti-Dengue Virus prM glycoprotein monoclonal antibody (AB41473, ABCAM). Briefly, anti-prM monoclonal antibodies were serially diluted from 1:4 to 1:16384 in a volume of 50 μl. Viruses, at a multiplicity of 500, 1000, or 2000 MOG, were mixed with the antibody dilutions for 1 h at 37 °C with 5% CO~2~ to allow the formation of an immune complex. The DENV-immune complex was then added into 2 × 10^5^ cells in 24-well plates and incubated for 2 h at 37 °C with 5% CO~2~. The cells were washed twice with PBS to remove any remaining DENV-immune complex and suspended in 1 ml of maintenance medium per well for an additional time.

Quantitation of gene expression levels by real time RT-PCR
----------------------------------------------------------

qRT-PCR was used to investigate the relative levels of gene expression. Briefly, K562 cellular RNA was extracted using the Promega SV RNA isolation kit and then subjected to reverse transcription with a first-strand cDNA synthesis kit before amplification by qRT-PCR. The primers for NOS2, RIG-I, MDA-5, NF-κB, IRF-1, IL-10, IL-6, SOCS3, ATG5, ATG12 and GAPDH are shown in [Table S1](#S1){ref-type="supplementary-material"}. Real-time PCR was conducted using SYBRGreen I Mastermix (Applied Biosystems) with a Bio-Rad CFX96 detection instrument.

Binding and internalization assay
---------------------------------

Measurement of the number of bound or internalized genome-containing particles per cell was performed as described previously[@b8][@b19]. Briefly, virus or virus-antibody complex was incubated with 2 × 10^5^ K562 cells at MOG 500, 1000, or 2000 for 1 h at 4 °C. For the binding assay, cells were washed three times with ice-cold PBS containing MgCl~2~ and CaCl~2~ (Life Technologies) to remove unbound viruses. Then, the viral RNA was extracted from the cells with a QIAamp Viral RNA mini Kit (QIAGEN) and quantified using the previously described qRT-PCR method. For the internalization assay, the cells were washed as before and resuspended in warm RPMI 1640 medium for an additional 45 minutes incubation at 37 °C.Then, the viral RNA was extracted from the cells and quantified using the qRT-PCR method.

Plasmids
--------

Human full length RIG-I and MDA-5 were amplified from the K562 cDNA library using a standard PCR method and then cloned into pcDNA3.1 and pcDNA3.1-Flag vectors, respectively. For IL-10 or ATG5 knockout plasmid constructions, each paired guide oligo designed to target regions of the IL-10 or ATG5 genome were synthesized for annealing and ligation into the BbsI sites in pSpCas9 (BB). All of the guide oligo sequences (top/bottom) are shown in [Table S1](#S1){ref-type="supplementary-material"}. Sequences for all constructs were verified by DNA sequence analysis. Luciferase reporter gene plasmids pGL3 -hIFNβ and pGL3-ISRE were kind gifts of Dr. Erol Fikrig and Dr. Penghua Wang of Yale University.

Cell transfection, clonal cell line isolation and luciferase assays
-------------------------------------------------------------------

Transfection of K562 cells with pcDNA 3.1 vector encoding human RIG-I or MDA-5 was performed with Lipofectamine 2000 (Invitrogen) according to the manufacturers' protocols. Transfected cells were selected with 0.4 mg/ml neomycin (G418) for two weeks and then further selected by the limiting dilution method. Stable transfected cells were recovered in complete medium without neomycin. For transfection of K562 cells with pSpCas9(BB) encoding the IL-10 or ATG5 target sequence, each pair of plasmids was mixed equally in a total amount of 500 ng and then transfected using Effectene Transfection Reagent (QIAGEN). Two days after transfection, cells were harvested for DNA extraction. Deletion events were confirmed by PCR using primers (IL-10 OUT-Fwd/IL-10 OUT-reverse and ATG5 OUT-Fwd/ATG5 OUT-reverse, shown in [Table S1](#S1){ref-type="supplementary-material"}). Clonal IL-10^−/−^ or ATG5^−/−^ knockout cell lines were isolated by serial dilutions and confirmed by PCR sequencing of the IL-10 or ATG5 locus, respectively. For luciferase assays, K562 cells were transfected with pLR-TK plasmid (Renilla Luciferase was used as an internal control) and pGL3-hIFNβ or pGL3-ISRE plasmid (firefly luciferase, experimental reporter) using Lipofectamine 2000. Twenty-four hours post transfection, cells were recovered in fresh media and subjected to DENV or DENV-ADE infection. At the indicated time points post-infection, reporter gene activity was measured by a dual-luciferase reporter assay, according to the manufacturer's instructions (Promega). The luciferase activity was expressed as the fold activation (relative to the basal level of mock treated cells after normalization with the co-transfected Renilla luciferase activity).

Chemicals and cytotoxicity
--------------------------

The effects of S-methylisothiourea sulfate (SMT), rapamycin and 3-methyladenine (3-MA) on the viability of K562 cell cultures were assessed by MTT (3-\[4,5-dimethylthiazol\]-2,5-diphenyltetrazolium bromide, Sigma-Aldrich) assays. Briefly, K562 cells were pretreated with chemicals at various concentrations used in this study. Then, MTT at a final concentration of 5 mg/ml was added to each well 3 h before detection. Purple formazan was quantified at 570 nm using a spectrophotometer. The percentage of cell death was expressed as the ratio of the OD570 of treated sample to the OD570 of untreated sample.

Quantitative detection of cellular nitric oxide production
----------------------------------------------------------

K562 cells infected with DENV or DENV-antibody complex or those that were mock-infected were harvested at the indicated time points. Cell lysis was assayed for nitrite content, as determined by the Griess method. Briefly, 0.1 ml of cell lysate was mixed with 0.1 ml of Griess reagent in a 96-well plates, and the absorbance at 550 nm was read 10 min later. The NO~2~^−^ concentration (mM) was determined by reference to a NaNO~2~ standard curve.

Western blot detection of protein production
--------------------------------------------

DENV3 infected and DENV3-ADE infected K562 cells were lysed, subjected to electrophoresis, and stained with specific monoclonal or polyclonal antibodies as described elsewhere.

Detection of cytokine production by ELISA
-----------------------------------------

IL-10 production in DENV3 infected or DENV3 ADE infected K562 cell supernatants at distinct time points was measured using a commercial ELISA kit according to the manufacturer's instructions.

Additional Information
======================

**How to cite this article**: Huang, X. *et al.* Antibody-dependent enhancement of dengue virus infection inhibits RLR-mediated Type-I IFN-independent signalling through upregulation of cellular autophagy. *Sci. Rep.* **6**, 22303; doi: 10.1038/srep22303 (2016).

Supplementary Material {#S1}
======================

###### Supplementary Information

We would like to thank Dr. Erol Fikrig and Dr. Penghua Wang of Yale University, School of Medicine, Internal Medicine/Infectious Diseases, for proofreading and reviewing our manuscript. This research was supported by the National Natural Science Foundation of China (81171946, 81171573), the National "Twelfth Five Year" "major new drug discovery" technology major projects (grant no. 2012ZX09104-302), the Natural Science Foundation of Yunnan Province (2009ZC187M, 2011CA016 and 2012FB188), the Special Research Fund for the Doctoral Program of Higher Education of China (20111106120055) and the Scientific Research Foundation for Returned Overseas Chinese Scholars, Ministry of Education of China(grant no. 2011-1568).

**Author Contributions** X.H., Y.Y., J.X. and X.W. Acquisition and analysis of data; drafting of the manuscript; D.L., Y.Z., L.Q., J.C. and Y.P. technical or material support; drafting of the manuscript. Q.S. and Q.L. Study concept and design; critical revision of the manuscript; obtained funding; study supervision.

![DENV-ADE infection increased virus replication through an intrinsic pathway.\
K562 cells were infected with DENV3 at a MOG of 2000, 1000 and 500 complexed with 4-fold dilutions of anti-prM mAb or mock IgG. At 48 h post-infection, cells (**a--c**) and supernatants (**d--f**) were collected for total RNA extraction; the DENV genome RNA was quantified (copies/μl) using qRT-PCR. N = 3; error bars show the means ± SEM. (**g**) Kinetics of DENV3 intracellular RNA accumulation analysed by relative qRT-PCR. K562 cells were infected with DENV3 alone or DENV3-Ab complex at a peak enhancement dilution (1/64) at MOG = 1000 and harvested at the indicated times post-inoculation. An equal amount of total RNA from each sample was subjected to relative quantitation and GAPDH was used as an internal control. N = 2. (**h**) Binding and internalization results of DENV3 and DENV3-Ab complex on K562 cells by qRT-PCR. N = 3; error bars show the means ± SEM.](srep22303-f1){#f1}

![The suppression of NOS2 expression and subsequent NO production in DENV-ADE infected K562 cells.\
(**a**) K562 cells were infected with W/WT DENV or DENV-antibody complex at a MOG of 1000, and at the indicated time points, cellular NO production was quantified by the Griess reaction. N = 3; error bars show the means ± SEM. The results from each group were compared using Student's t test. \*\*P \< 0.01; \*P \< 0.05. (**b,d**) The expression of NOS2 at the indicated time points was determined at the gene transcription level by qRT-PCR (**b**) and at the protein level by western blotting (**d**). N = 3; error bars show the means ± SEM. (**c**) K562 cells were pretreated with different concentrations of SMT 1 h before DENV-3 or DENV-ADE infection, and cellular DENV genome RNA was extracted 48 h post-infection and quantified using qRT-PCR, with GAPDH as an internal control. N = 3; error bars show the means ± SEM.](srep22303-f2){#f2}

![Suppression of the RIG-I and MDA-5 signalling pathways in DENV-ADE infected K562.\
K562 cells were infected with DENV alone or DENV-antibody complex or were mock infected. (**a--c**) The relative quantification of total cellular RNA was performed using qRT-PCR with GAPDH as an internal control. The transcription level of each gene in cells before infection was designated as a basal transcription level and normalized as 1. N = 3; error bars show the means ± SEM. Student's t test was performed for each group. \*\*P \< 0.01; \*P \< 0.05. (**d**) Cell lysates post infection were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis and stained with specific antibodies against RIG-I, MDA-5, iκ-B, NF-κB p65 and IRF-1 at the indicated time points. N = 3.](srep22303-f3){#f3}

![DENV/DENV-ADE-induced RLR activation mediates NOS2 expression independent of IFN signalling.\
K562 cells was stably transfected with plasmid expressing RIG-I W/WT MDA-5. All the cells were subjected to DENV and DENV-ADE infection. (**a**) Cell lysates were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis and stained with specific antibodies against RIG-I, MDA-5, iκ-B, NF-κB and NOS2 6 h post-inoculation. N = 3. (**b**) Cells were harvested for total RNA 48 h post-inoculation; the intracellular viral RNA was detected by qRT-PCR, with GAPDH as an internal control. The fold enhancement was expressed as the ratio of DENV/DENV-ADE. N = 3; error bars show the means ± SEM. K562 cells was transfected with siRNA target MAVS or siRNA control. (**c**) cell lysates were subjected to detection of MAVS and NOS2 4 h post-infection. (**d**) Total cellular RNA was extracted for intracellular viral RNA quantitation 48 h post-inoculation. (**e**) K562 cells were co-transfected with pLR-TK plasmid (internal control) and pGL3 -hIFNβ or pGL3-ISRE plasmid (experimental reporter) and then subjected to DENV or DENV-ADE infection. At the indicated time points post-infection, reporter gene activity was measured by a dual-luciferase reporter assay. N = 3; error bars show the means ± SEM. (**f**) K562 cells were infected with DENV alone, DENV-antibody complex, or mock infected. Cellular RNA was extracted and used for gene expression quantification of IFNγ and IFNλ using qRT-PCR at indicated time points. N = 3; error bars show the means ± SEM.](srep22303-f4){#f4}

![DENV-ADE infection of K562 is independent of IL-10 function (**a**) K562 cells were infected with DENV alone or DENV-antibody complex or were mock infected. Cellular RNA was extracted and use for gene expression quantification of IL-10, IL-6 and SOCS3 using qRT-PCR; the supernatants of cell cultures were tested for IL-10 using an ELISA kit. N = 3; error bars show the means ± SEM. (**b**) Four pairs of sgRNAs were designed to target the human IL-10 loci. Target sequences and PAMs (red) are shown in respective colours, and sites of cleavage by Cas9 are indicated by red triangles. A predicted junction is shown below. (**c**) Cell populations transfected with paired sgRNAs (1.1 + 2.1, 1.1 + 2.2, 1.2 + 2.1, 1.2 + 2.2) were assayed by PCR (Out-Fwd and Out-Rev primers were used), reflecting a deletion of \~270 bp. (**d**) Paired sgRNA transfected cells were clonally isolated and expanded for genotyping analysis of deletions using PCR (using the Out-Fwd and Out-Rev primers) and sequencing. Each isolate of K562 with homozygous deletions was subjected to DENV-ADE/DENV infections. (**e**) Cellular dengue genome RNA was quantified using qRT-PCR with GAPDH as an internal control; the fold enhancement in each K562 isolate was expressed as a ratio of DENV/DENV-ADE. N = 3; error bars show the means ± SEM.](srep22303-f5){#f5}

![DENV-ADE infection of K562 induces greater autophagy to facilitate viral production.\
K562 cells pretreated with different concentrations of rapamycin (**a**) or 3-MA (**b**) 1 h before infection with DENV-3 or DENV-ADE. Forty-eight hours post-infection, intracellular DENV RNA was extracted and quantified using qRT-PCR. N = 3; error bars show the means ± SEM. (**c**) K562 cells were infected with DENV alone, DENV-antibody complex, or mock. At both 0.5 h and 1 h post-inoculation, cellular RNA was extracted and used for gene expression quantification of ATG5 and ATG12 using qRT-PCR. N = 3; error bars show the means ± SEM, the results from each group were compared using Student's t test. \*\*P \< 0.01; \*P \< 0.05. (**d**) K562 cells were infected with DENV alone, DENV-antibody complex, or mock. Cell lysates were subjected to detection of LC3 I/II, ATG5 and β-actin at the indicated time points. N \> 3. (**e**) K562 cells transfected with paired sgRNA (1.1 + 1.2, 1.1 + 2.3) targeting the *ATG5* locus were assayed by PCR (using the ATG5-Out-Fwd and ATG5-Out-Rev primers). Clonal isolates carrying a homozygous deletion in the *ATG5* locus was were using PCR and sequencing. (**f**) Each isolate was subjected to DENV-ADE/DENV infection. Intracellular dengue genome RNA was quantified using the qRT-PCR method with GAPDH as an internal control, and the fold enhancement in each K562 isolate was expressed as a ratio of DENV/DENV-ADE. N = 3; error bars show the means ± SEM, the results from each group were compared using Student's t test. \*\*P \< 0.01; \*P \< 0.05. K562 cells were stably transfected with plasmid expressing ATG5 or empty plasmid (control). All cell lines were subjected to DENV and DENV-ADE infection. (**g**) 4 h post-inoculation, cell lysates were subjected to detection of iκ-B, NF-κB, NOS2 and β-actin. N = 3. (**h**) At 48 h post-inoculation, cells were harvested for total RNA, and the intracellular viral RNA was detected using qRT-PCR with GAPDH as an internal control. N = 3; error bars show the means ± SEM, the results from each group were compared using Student's t test. \*\*P \< 0.01; \*P \< 0.05.](srep22303-f6){#f6}
